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Abstract—Ball screws are widely used as feed systems for machine tools due to their high 

transmission efficiency and long service life. However, the large inertia force generated by the 
ball screw in high-speed motion will excite its flexible mode and cause system vibration. In the 
actual working condition, the dynamics of the system will also change with the nut position 
and workpiece mass. In order to further study the modeling method and dynamic properties of 
the ball screw feed system, this paper firstly improves the traditional hybrid model by 
introducing an energy loss factor to modify the hysteresis damping of the model. Further, the 

rationality of the improved model is verified by hammer test. Finally, the model was used to 
analyze the dynamic properties of the system and to obtain the influence law of workpiece 

mass and nut position on the system natural frequency. 

1.  Introduction 

As the most common machine tool feed system, the motion control accuracy of ball screw directly 

determines the machining accuracy of machine tool [1]. At present, the main method of research on 

ball screw feed system control technology is to establish a control model and analyze the system 

dynamic properties according to the model, and then design a controller to meet the control 

requirements according to the dynamic properties of the system. At present, the commonly used 

modeling methods include finite element method [2], lumped mass method [3] and hybrid modeling 

method [4]. 

Considering that the ball screw will produce flexible modes at high speed, the hybrid model can 

describe the flexible vibration properties of the system more accurately than the finite element model 

and the lumped mass model. However, in actual working conditions, the dynamic properties of the 

system will also change with the change of nut position and workpiece mass. Therefore, it is necessary 

to improve the traditional hybrid model to improve the modeling accuracy, and further analyze the 

dynamic properties of the system to provide a theoretical basis for the design of the controller. 

2.  Rigid-flexible Coupling Hybrid Model of Ball Screw Feed System 

Ball screw feed system is shown in Fig.1, and the system parameters are listed in table 1. 
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(a) Experimental platform (b) Components 

Fig.1 Ball screw feed system 

 

Table 1. Parameters of ball screw feed system 

Parameter name Symbol Value Unit 

Lead of screw Pt 20 mm 

Transmission ratio of screw rg 3.1831×10-3 m/rad 
Length of screw ls 746.5 mm 
Density of screw ρs 7830 kg/m3 

Diameter of screw ds 20 mm 
Young ' s modulus of screw Es 2.2×1011 Pa 

Shear modulus of screw Gs 0.8×1011 Pa 

Worktable mass mt 10 kg 
Torsional stiffness of coupling kc 2.681×104  N/m 

Rotary inertia of screw Js 0.4689×10-5 kg·m2 
Rotational inertia of motor shaft  Jm 1.56×10-4 kg·m2 

Rotational inertia of coupling Jc 3.66×10-5 kg·m2 
Equivalent viscous damping of motor shaft cm 0.026 Nm/rad/s 

Equivalent viscous damping of table ct 0 Nm/rad/s 
Axial stiffness of bearing kb 6.21×107 N/m 

Torsional stiffness of screw nut joint kn 1.37×108 N/m 

 

As shown in Fig.2, based on the hybrid modeling method proposed by Varanasi and Nayfeh [5], 

the rigid-flexible coupling dynamic equation is developed and the system dynamic equation is 

expressed as a function of nut position xc and workpiece mass mw. 

  
(a) Axial vibration model (b) Torsional vibration model 

Fig.2 Rigid-flexible coupling hybrid model 

 

In the axial vibration model, kb, δx, kn, rg, θm, xc, xm, xt, mt, mw, fc and ct represent the axial stiffness 

of the bearing, the axial deformation of the screw, the axial stiffness of the screw nut joint, the 

transmission ratio of the screw, the rotation angle of the motor shaft, the nut position, the equivalent 

linear displacement of the motor shaft, the linear displacement of the table, the mass of the table, the 
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workpiece mass, the external force of the table and the equivalent viscous damping of the table, 

respectively. 

In the torsional vibration model, km, cm, τm, Jm, kc, δθ, δθ’, and rg
2kn represent the torsional stiffness 

of the motor shaft, the equivalent viscous damping of the motor shaft, the output torque of the motor, 

the rotational inertia of the motor shaft, the torsional stiffness of the coupling, the torsional 

deformation of the screw, the torsional deformation of the table and the torsional flexibility of the 

screw nut joint, respectively. 

The rigid-flexible coupling hybrid model is written as matrix expression: 
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where, fm= τm/rg represents the equivalent force of the torque applied by the motor, M, C and K 

represent the total mass matrix, damping matrix and stiffness matrix of the system respectively, which 

are expressed as: 
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where, J11, J12, J21 and J22 represent the moment of inertia of the screw contribution to different 

degrees of freedom, ms represents the equivalent mass of the screw, k represents the total equivalent 

stiffness of the system. The specific expression of each parameter is: 
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The parameters in equation (5) to equation (11) are given in table 1. And the Laplace change of 

equation (1) can be obtained as follows: 
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So the transfer function of rigid-flexible coupling hybrid model is: 
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3.  Modification of Model Hysteresis Damping by Introducing Energy Loss Factor 

For the established rigid-flexible coupling hybrid model, set xc=300[mm], mw=0[kg], draw the 

frequency response curve as shown in Fig.3. 

 
Fig.3 Frequency response curve of rigid-flexible coupling hybrid model 

 

It can be seen from Fig.3 that the vibration amplitude of the system has a significant mutation at the 

resonant frequency, and the change of G11 is the most obvious. Using MATLAB to solve the 

eigenvalues and eigenvectors of G11, the resonant frequency is 1726.8 rad/s, and the damping ratio is 

0.52%. Considering the amplitude mutation caused by the small damping ratio, the energy loss factor 

is introduced to modify the hysteresis damping of the model. 

Fig.4 shows the introduction diagram of energy loss factor, and the complex stiffness kx (1+jη) is 

used to replace the original stiffness of each concentrated spring in the model. kx, η and j represent the 

original stiffness, energy loss factor and imaginary number unit, respectively. 

   
Fig.4 The introduction diagram of energy loss factor 

 

The total equivalent stiffness of the system after using the complex stiffness is expressed as: 
1
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The energy loss factor η of the spring is set to 0.053. The frequency response curve of the modified 

hysteresis damping is drawn and compared with that before the modification, as shown in Fig.5. 
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Fig.5 Comparison of frequency response curves before and after modification 

 

It can be seen from Fig.5 that the amplitude mutation after modification is significantly reduced. 

The modified resonant frequency is 1782.4 rad/s and the damping ratio is 2.87% by solving the 

eigenvalues and eigenvectors of G11. Since the damping ratio is between 1% and 3%, the improved 

rigid-flexible coupling hybrid model is more reasonable than before. 

The frequency response curve including the first three orders natural frequencies of the system 

obtained by hammer test is shown in Fig.6. The test value of the first three orders natural frequencies 

of the system are 266.72Hz, 310.82Hz and 485.26Hz, respectively. The theoretical calculation values 

of the first three orders natural frequencies of the system obtained by the improved model are 

283.68Hz, 332.55Hz and 478.43Hz, respectively. The theoretical deviation are 6.36%, 6.70% and 

1.41%, respectively. So the accuracy of the improved model is proved. 

 
Fig.6 Frequency response curve of hammer test 
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4.  Analysis on the Influence Law of Parameter Variation on System properties 

Based on the built-up hybrid model, the influence law of nut position and workpiece mass on the 

system dynamic properties is researched with the natural frequency as the system properties indicators. 

Firstly, the workpiece mass mw=0[kg] is set, and then the nut position xc is changed to solve the 

natural frequency of the system. The change curve of the natural frequency with the nut position is 

fitted. It can be seen from Fig.7(a) that with the increase of nut position, the natural frequency of the 

system decreases and shows a quadratic polynomial downward trend. 

Secondly, the nut position xc=0.3[m] is set, and then the workpiece mass mw is changed to solve the 

natural frequency of the system. The change curve of the natural frequency with the workpiece mass is 

fitted. It can be seen from Fig.7(b) that with the increase of workpiece mass, the natural frequency of 

the system decreases and shows a downward trend of quartic polynomial. 

 

  
(a) Curve changing with nut position (b) Curve changing with workpiece mass 

Fig.7 Curve of natural frequency changing with nut position and workpiece mass 

5.  Conclusion 

In this paper, an improved hybrid model of ball screw feed system is established and the dynamic 

properties of the system are analyzed. Firstly, the hysteresis damping in the traditional hybrid model is 

modified by introducing the energy loss factor. Secondly, the hammer test verifies that the model has 

high precision. Finally, the influence of nut position and workpiece mass on the system  natural 

frequency is researched based on the improved hybrid model. The research content of this paper 

provides a theoretical basis for the design of high-precision controller of ball screw feed system. 
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